Objective: To investigate the underlying physiological mechanisms of the structural differences in gray matter (GM) and white matter (WM) associated with obesity in young Chinese adults.
Introduction
Obesity has become a major public health concern worldwide [1] . According to the epidemiological data, excessive body weight (overweight) and obesity had 42.6% prevalence among Chinese adults in 2010, with the urban population showing a higher prevalence than the rural one [2] . In China, this increased prevalence of overweight and obesity was considered to be related to the modifications in both diet habits and physical activities [3] . The higher fat content in animal-derived foods conspired with increasingly sedentary lifestyle resulted in abnormally high accumulation of both plasma lipids and adipose tissues (body fat) [4] .
As an important constituent of cellular membranes and other structures such as myelin, cholesterol is considered as an essential component of brain structure. Abnormal brain cholesterol metabolism is associated with neurodegenerative diseases such as Alzheimer's disease (AD) and Parkinson's disease (PD) [5] . High levels of plasma cholesterol have been linked to increased expression of AD-related pathology, and studies employing statins as cholesterol-lowering drugs have exhibited their protective effect against AD [6, 7] . The findings of these studies suggested that high plasma cholesterol levels are associated with abnormal brain structures in individuals with the aforementioned neurodegenerative diseases; however, the mechanisms underlying this correlation remain unclear.
Previous studies suggest that obesity would increase the risk of neurodegenerative disorders [8, 9] . Accumulating evidence suggested that obesity was associated with gray matter (GM) atrophy in certain brain areas [10] . Negative correlation was observed between body mass index (BMI), as one measure of excess adiposity, and GM volumes in specific brain regions [11, 12] . Moreover, longitudinal analysis demonstrated that higher BMI was related to decline in the temporal, occipital, and frontal GM volumes [11, 13] . In addition, inconsistent findings were obtained from previous studies on obesity-associated alterations of white matter (WM) volume. Several of these studies reported greater WM volume in the striatum [10] , temporal gyrus, parahippocampal gyrus, brainstem, and cerebellum [14] in obese versus lean individuals, whereas some other studies showed negative correlation between BMI and WM volumes in the orbital frontal cortex, anterior cingulate gyrus, medial temporal lobe, and subcortical regions [15] . A recent study also demonstrated that obese individuals possessed smaller WM volume in the limbic regions (e.g., the insula and amygdala) and within the superior and middle temporal lobes [16] . Diffusion tensor imaging (DTI) has provided little information about the microstructural alterations of WM associated with obesity, although fractional anisotropy (FA) generated from DTI was most commonly applied for assessing WM integrity. The negative association between BMI and FA was revealed in Stanek et al's study [17] . FA reductions were revealed in the corticospinal tracts, mamillary bodies, optic radiations, corpus callosum (CC), and the right inferior occipito-frontal fascicle in obese individuals [16] , while obesity-associated reductions in FA were observed to occur mainly in the midbrain and brainstem tracts in another study [18] . Moreover, a significant negative correlation between BMI and FA was observed in the CC in females rather than males [19] .
Despite the observations of diverse structural abnormalities in the GM and WM of obese individuals, the physiological mechanisms underlying these alterations remained ambiguous. Considering the influence of plasma cholesterol level on brain structure in neurodegenerative diseases, it was hypothesized that the high plasma lipid level associated with obesity might contribute to the structural abnormalities detected in the brains of obese or overweight individuals. In the present study, voxel-based morphometry (VBM) and tract-based spatial statistics (TBSS) were applied to compare the alterations in the brain structures of Chinese obese or overweight (OO) young adults and their normal weight (NW) counterparts, and to determine whether elevated plasma lipid values correlate with these alterations.
Materials and Methods

Sample selection
A total of 49 right-handed Han Chinese subjects, 27 of which were NW (15 ), according to the Chinese criteria of obesity [20] . All participants were healthy, as determined by the results of their physical examinations and blood tests. Individuals with diabetes, hyperglycemia, hypertension, those on any medications, and those with a history of metabolic, genetic, or neurological disorders were excluded from the study. All the selected subjects were evaluated using the Hospital Anxiety and Depression Scale (HADS). A cutoff score of 11 was applied to each scale of HADS [21] . This study was approved by the Medical Research Ethics Committee of Beijing Hospital. Written informed consent was obtained from each participant and submitted to the ethics committee of the hospital.
After a 12-h overnight fast and prior to magnetic resonance imaging (MRI) scanning, the participants underwent blood tests to measure their glucose, triglyceride, HDL, LDL, and total cholesterol levels. Data regarding the heights, weights, waist circumference, and blood pressure of the participants were collected. BMI was defined as the weight in kilograms divided by the square of height in meters. Waist circumference was measured with a tape centered at the umbilicus.
MRI data acquisition
Data was acquired using a 3.0T magnetic resonance scanner with an 8-channel head coil. Foam padding was applied to minimize head movement. Preliminary conventional T2-weighted images were collected in order to exclude individuals with potential neurological diseases. DTI data were acquired by employing a single-shot echo planar imaging sequence. A total of 60 continuous axial slices were obtained with diffusion sensitizing gradients applied along 32 noncollinear directions (b = 1000 s/mm 2 ). The parameters were as follows: repetition time (TR) = 9226 ms, echo time (TE) = 83 ms, matrix size = 256 mm6256 mm, number of excitations (NEX) = 1, reconstruction matrix size = 128 mm6128 mm, field of view (FOV) = 240 mm6240 mm, and slice thickness = 2 mm with no interslice gap.
High-resolution T1-weighted images were acquired with a three-dimensional balanced turbo field echo sequence. The parameters were as follows: TR = 7.4 ms, TE = 3 ms, flip angle = 8u, FOV = 240 mm6240 mm, matrix size = 256 mm6256 mm, NEX = 1, voxel size = 1 mm61 mm, and slice thickness = 1 mm.
VBM analysis
VBM was performed using diffeomorphic anatomical registration through exponentiated lie algebra algorithm (DARTEL) approach by applying the Statistical Parametric Mapping Software (SPM8, Wellcome Department of Imaging Neuroscience, University College, London, UK) running on MATLAB R2011b (The Mathworks, Sherborn, MA, USA) [22, 23] . Segmented GM, WM, and cerebrospinal fluid (CSF) images of each subject were imported to DARTEL in order to apply a nonlinear registration procedure. The segmented images were modulated with Jacobian determinants to incorporate volume modifications. These normalized modulated images were smoothed with an isotropic Gaussian kernel of 8-mm full-width-at-half-maximum. Eventually, GM, WM, and CSF volumes were calculated by applying SPM8. For statistical analysis, voxel-wise group comparisons of GM or WM volumes were implemented using two-sample t-test covarying for age and gender. P,0.05 at a cluster size of .100 voxels was considered statistically significant, after correction for false discovery rate (FDR).
TBSS analysis
All diffusion-weighted (DW) images were preprocessed by applying the FMRIB's Diffusion Toolbox (Functional Magnetic Resonance Imaging of the Brain Analysis Group, Oxford University, UK; FMRIB Software Library [FSL] 4.0) [24] . The images were initially corrected for eddy-current-induced distortion and head motion artifacts by applying affine alignment of each DW image to b = 0 image. Subsequently, these images were skullstripped using the FMRIB Brain Extraction Tool. Finally, a diffusion tensor model was fitted for each voxel using FMRIB's DTIfit to generate voxel-wise maps of FA.
The DW images were analyzed by the TBSS method [25] . The FA images of all subjects were co-registered to a template of the averaged FA images (FMRIB58_FA) in Montreal Neurological Institute space using a nonlinear registration algorithm implemented in FNIRT (FMRIB's nonlinear registration tool) [26] . A mean FA image and mean FA skeleton of the WM tracts were subsequently created. The aligned FA images of each subject were then projected onto the mean FA skeleton to create a skeletonized FA map. Voxel-wise statistical analysis of skeletonized FA data was performed using a permutation-based inference tool for nonparametric statistics ('randomize' program, part of FSL). A mean FA value of 0.2 was set as a threshold for the mean FA skeleton in order to exclude peripheral tracts and preserve the main fiber tracks. The number of random permutations was set to 10,000. Two-sample t-tests were used for intergroup comparisons, controlling age and gender as no-interest regressors. The statistical threshold was set at P,0.05 (corrected for multiple comparisons), applying FSL's permutation-testing tool's threshold-free cluster enhancement option. From each significant cluster that survived correction, FA values were extracted in order to explore the correlations between FA and the physiological parameters.
In order to confirm the validity of TBSS, voxel-based analysis (VBA) [27] of FA images was also conducted using SPM8 at P, 0.05 at a cluster size of .100 voxels after correcting for FDR.
Statistical analysis
Demographic and physiological data were analyzed using the Statistical Package for the Social Sciences (SPSS) version 13.0 for Windows (SPSS Inc, Chicago, IL, USA). Differences in the characteristics of NW and OO groups were examined by twotailed independent sample t-test and Chi-square test.
Correlations were detected using the partial correlation model between BMI and plasma glucose level, triglyceride level, HDL level, LDL level, and total cholesterol, controlling for age and gender. FA values and blood parameters were also subjected to partial correlation analysis, with age, gender, and BMI as covariates. P,0.05 was considered statistically significant.
Results
Demographic and physiological data
The demographic and physiological characteristics of the participants are summarized and demonstrated in Table 1 . No significant differences were observed between the NW and OO groups in terms of age, gender, HADS, fasting glucose, or plasma HDL levels. As expected, participants from the NW group had significantly lower BMI (t = 212.73, P,0.001), smaller waist circumference (t = 29.25, P,0.001), lower triglyceride levels (t = 24.33, P,0.001), lower total cholesterol levels (t = 22.67, P,0.05), and lower LDL levels (t = 22.80, P,0.05) than those from the OO group. Male and female participants did not differ in terms of BMI, waist circumference, fasting glucose, total cholesterol levels, or plasma HDL levels (Table S1 ). However, male participants exhibited higher triglyceride (t = 3.20, P = 0.003) and LDL levels (t = 2.03, P = 0.048). Further partial correlation analysis showed significant positive correlations between BMI and triglyceride (r = 0.523, P,0.001), total cholesterol (r = 0.426, P = 0.003), and LDL levels (r = 0.471, P = 0.001).
VBM analysis
As shown in Figure 1 , compared to the NW group, the OO group demonstrated reduced GM volume (P,0.001, not corrected for multiple comparisons) in the right temporal lobe, left prefrontal cortex, and bilateral cingulate gyrus. In addition, the OO group possessed higher GM volume in the bilateral putamen (P,0.001, not corrected for multiple comparisons).
As shown in Figure 2 , the OO group exhibited significantly smaller volume of WM in the bilateral basal ganglia, the right amygdala, and the left insula (P,0.05, FDR corrected). Moreover, compared with the NW group, no brain regions with abnormally large WM volume were observed in the OO group.
TBSS analysis
Compared to the NW group, the OO group showed significantly lower FA values in the bilateral frontal corticospinal tracts and in the right brainstem according to TBSS (Figure 3a ; P,0.05, corrected for multiple comparisons) and VBA analyses (Figure 3b ; P,0.05, FDR corrected). (Figure 4) . The analysis also revealed that only FA values among male participants showed significant negative correlation with plasma LDL levels (male: r = 20.459, P = 0.021; female: r = 20.146, P = 0.539), as shown in Figure 4 . Further, partial correlation analyses were performed between FA values and blood parameters separately for the OO and NW groups. For the NW group, no significant correlation was observed between FA values of the three clusters and blood parameters. However, in the OO group, FA values of the right frontal corticospinal tract were significantly correlated with plasma LDL levels ( Figure 4 ; r = 20.494, P = 0.032).
Correlation analysis
The mask of the bilateral putamen was defined using the WFU Pickatlas software (http://www.fmri.wfubmc.edu). After controlling for age and gender, the correlations between the volume of the bilateral putamen and physiological characteristics were examined using the Resting-State fMRI Data Analysis Tookit (REST 2.0; http://resting-fmri.sourceforge.net/). P,0.05 was considered statistically significant after correcting for FDR. Two significant correlations were observed between the volume of bilateral putamen and BMI, waist circumference respectively ( Figure 5 ).
Discussion
The results of this study indicated that healthy young Chinese OO adults had higher BMI, waist circumference, and plasma triglyceride, total cholesterol, and LDL levels compared to their NW counterparts, a finding consistent with the findings of previous studies [28] . Although BMI is the most widely used measurement of body fat, waist circumference is a better indicator of visceral fat and the adverse metabolic effects of obesity; both BMI and waist circumference were measured in this study. The FA values of bilateral frontal corticospinal tracts and the right brainstem were negatively correlated with BMI and waist circumference, while the volume of the bilateral putamen showed positive correlations with both BMI and waist circumference. Further analysis showed that reduced FA values in the right frontal corticospinal tract were significantly correlated with high plasma LDL levels, and that the negative correlation was found only among male participants. To the best of our knowledge, this is the first reported study that evaluates the relationship between plasma LDL and the microstructural impairment in WM in Chinese young adults. In the current study, VBM with DARTEL was applied to analyze the volumes of GM and WM due to the higher accuracy of this method in spatial normalization than that of traditional VBM. Another recent study in Chinese young adults reported negative correlation between BMI and GM volumes in the midcingulate cortex, the left orbital frontal cortex, and the left ventromedial prefrontal cortex [29] . In our study, GM atrophy was observed in the left prefrontal cortex, the bilateral cingulate gyrus (mainly midcingulate gyrus), and the right temporal lobe in the OO group, a finding that was consistent with the findings of several previously reported studies [10, 12, 29] . Considerable functional studies have shown that prefrontal regions of the brain, particularly, the ventromedial prefrontal cortex (VMPFC) and the dorsolateral prefrontal cortex (DLPFC), along with the anterior and middle cingulate gyrus, are involved in the top-down cognitive control of diet [30, 31] . The control of eating impulse depends on the cingulate gyrus and the interaction between the inhibition regions (DLPFC) and reward value coding regions (VMPFC) [32] . GM atrophy in the left prefrontal regions may suggest less topdown influence of the higher control regions on the lower subcortical reward regions [29] , which might be related to bilateral putamen enlargement.
The BMI-related enlarged GM volume in the bilateral putamen observed in our study has not been described in any previous study on obesity. One study among elderly obese individuals showed increased amygdala and hippocampal volumes, but no significant differences in the volumes of the bilateral putamen and globus pallidus [33] . Nevertheless, another study demonstrated that obese individuals exhibited reduced GM volume in the putamen compared to their NW counterparts [10] . The functional brain anatomy and the results of certain other studies would explain the inconsistency of the results of the present study with those of previous studies. Increased activation in the putamen was observed in the obese group, which correlated with the reward function of the putamen in food regulation [34] . The bilateral putamen is highly enriched in dopaminergic neurons, which is essential for the hedonic control of food intake [35] . Given that increased regional brain activation has been demonstrated to be associated with increased GM volume [36] , the putamen enlargement observed in this study was considered plausible and might suggest a significant role of food reward in the development of obesity among young adults. It was reported that higher plasma triglyceride and lower plasma high-density lipoprotein (HDL) could account for the positive association between midlife BMI and myo-inositol/ creatine in the occipito-parietal GM [37] , indicating that Obesity-Related Plasma LDL and Altered Brain Structure PLOS ONE | www.plosone.orgabnormal levels of plasma lipids could affect GM volumes. In the present study, we also performed correlation analysis between the bilateral putamen volume and plasma LDL or HDL levels, with age, gender, and BMI as covariates. However, the correlation was not statistically significant after correcting for FDR.
With respect to WM alterations, VBM results demonstrated a widespread reduction of WM volume in the OO group. A recent study by Karlsson et al also revealed broad reduction in WM volume in obese individuals [16] . Although WM reduction in the obese group was observed in both studies, the distribution of the affected WM was slightly different. The reduced WM volume in our study primarily involved regions that regulate food reward, especially, the motivational and incentive properties regulated by the striatum, amygdala, and insula [38] . In contrast, reduced WM volume was also observed in the postcentral somatosensory and occipital visualprocessing regions in the obese group in Karlsson et al's research. The differences might be attributed to the different BMI levels of the obese participants in the two studies, which were higher in Karlsson et al's study. Despite these differences, a significant reduction of WM volume in the food reward region was observed in the current study and Karlsson et al's study, suggesting that the OO group might have poor homeostatic regulation of food intake.
Previous studies on the WM integrity of OO individuals mainly adopted the VBA method [16] or ROI-based TBSS analysis [17, 19] , while whole-brain, voxel-wise analysis was used in the present study, which combined the TBSS analysis and VBA method. TBSS could complement the limitations of VBA caused by inaccurate alignment of FA images and the problem of smooth kernels, whereas VBA could complement the limitations of TBSS on demonstrating the differences in the peripheral tracts. Thus, TBSS combined with VBA could potentially generate more accurate results of DTI analysis. Both TBSS analysis and VBA method showed that the OO group had lower FA in the bilateral frontal corticospinal tracts and right brainstem in the present study. A recent study by He et al, which applied whole-brain TBSS analysis, found negative correlations between BMI and FA values of bilateral cingulum in Chinese young adults, which also demonstrated obesity-associated microstructural impairment in WM [29] . Furthermore, another study revealed that the FA value of the midcingulate segment positively related to aerobic fitness, which suggests that a sedentary lifestyle may correlate with poor WM integrity [39] . Since the bilateral frontal corticospinal tracts and the right brainstem mainly govern motor function, the present study suggests that the OO individuals may suffer from poor motor control and coordination; however, further studies are required to confirm this hypothesis.
The physiological reasons accounting for obesity-associated impairment of WM integrity are complex. For instance, a high proportion of cholesterol in the peripheral circulation would increase blood-brain barrier (BBB) permeability through a proinflammatory pathway [40] , thereby affecting the brain cholesterol metabolism [41] , although a normal and intact BBB would prevent plasma cholesterol from brain cholesterol. Abnormal brain cholesterol homeostasis contributes to neuronal degeneration and loss of signal transmission, with axonal degeneration constituting one reason for impairment of WM integrity [42, 43] . In the current study, FA values of the bilateral frontal corticospinal tracts and the right brainstem were observed to be negatively correlated with BMI and waist circumference. Further, FA values of the right frontal WM were negatively associated with plasma LDL levels in male participants. A previous study by Cohen et al also reported negative correlation between obesity-related abnormal plasma cholesterols (high LDL, low HDL) and FA in prefrontal regions of the brain [44] . Both Cohen et al's study and the present study suggest that elevated LDL levels partially contribute to obesity-associated impairment in WM integrity. Estrogen-mediated neuroprotection in young females may explain the null result of correlation between FA and plasma LDL in the females [45] . Nevertheless, larger-scale studies to further confirm the correlation between obesity-associated FA modifications and higher triglyceride and cholesterol levels are warranted.
This study had some limitations. First, the difference of GM volume between the OO and NW groups was uncorrected for multiple comparisons, which indicated minor alterations. Second, the present study demonstrated that high plasma LDL levels were solely associated with reduced FA values of the right frontal WM. The observed discrepancies between the results of the present study and those of the previous studies might be attributable to the study design and the relatively limited sample size in our study. This study was conducted in young Han Chinese adults who regularly underwent annual physical examinations and had no indications of diabetes, hyperglycemia, or hypertension. Although the plasma LDL levels in the OO group were significantly higher than those in the NW group, the mean plasma LDL level in the OO group (3.2860.92 mmol/L) was lower than the LDL level defined as dyslipidemia ($3.37 mmol/L) [46] . The alteration of GM volume might be a chronic process and affected by combined multiple metabolic factors including diabetes, dyslipidemia, and hypertension [13] . Considering the strict exclusion criteria and the relatively small sample size, our findings suggest early-phase alteration of obesity-related brain structure in young adults and that even a minor elevation of plasma LDL might affect the microstructure of WM. Considering the minor changes in global GM volume, it was possible that the null finding of correlation between plasma LDL and regional GM volume (bilateral putamen) was observed.
Conclusions
The present study investigated the structural differences in GM and WM between OO and NW Chinese young adults. Although the apparent alteration in GM volume between the OO and NW groups was minor, reduced WM volume and impairment of WM integrity in the OO group were statistically significant. Enlarged bilateral putamen and reduced FA values in the bilateral frontal corticospinal tracts and the right brainstem were significantly associated with high BMI and waist circumference. In addition, the early elevated plasma LDL levels might affect the WM integrity in the right frontal region. Interestingly, this effect was limited to male participants. However, considering the relatively limited amount of participants and the cross-sectional property of this study, further studies with larger sample sizes as well as longitudinal studies are required. 
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